Background: Alterations in the development of neuronal connectivity can result in dramatic outcomes for brain function. In the cerebral cortex, most sensorimotor and higher-order functions require coordination between precise regions of both hemispheres through the axons that form the corpus callosum. However, little is known about how callosal axons locate and innervate their contralateral targets. Methods: Here, we use a combination of in utero electroporation, retrograde tracing, sensory deprivation and high-resolution axonal quantification to investigate the development, organisation and activity dependence of callosal axons arising from the primary somatosensory cortex of mice. Results: We show that distinct contralateral projections arise from different neuronal populations and form homotopic and heterotopic circuits. Callosal axons innervate the contralateral hemisphere following a dorsomedial to ventrolateral and region-specific order. Furthermore, we identify two periods of region-and layer-specific developmental exuberance that correspond to initial callosal axon innervation and subsequent arborisation. Early sensory deprivation affects only the latter of these events. Conclusion: Taken together, these results reveal the main developmental events of contralateral callosal targeting and may aid future understanding of the formation and pathologies of brain connectivity.
Introduction
The corpus callosum is the largest fibre tract in the human brain. It comprises axons that mediate the integration of sensory, motor and associative functions between the cerebral hemispheres (Aboitiz and Montiel, 2003; Edwards et al., 2014; Gobius and Richards, 2011; Paul et al., 2007) . These interhemispheric circuits are mostly homotopic; that is, they project to regions similar to those from which they arise (Yorke and Caviness, 1975) , and the spatial distribution of contralateral axons correlates with the dorsoventral position of axons along the callosal tract (Zhou et al., 2013) . However, callosal circuits also include heterotopic projections, such as those described between different cortical regions or from primary cortices to the contralateral striatum (Boyd et al., 1971; Sohur et al., 2014; Suárez et al., 2014; Veinante and Deschênes, 2003; Wilson, 1987) . Moreover, as not all cortical regions project or receive axons contralaterally in the adult (Innocenti et al., 1977; Ivy et al., 1979; Ivy and Killackey, 1981; Olavarria and van Sluyters, 1985; O'Leary et al., 1981) , the specification of contralateral circuits is likely to involve multiple developmental mechanisms. Interestingly, homotopic and heterotopic callosal circuits are differentially affected by manipulations of sensory and spontaneous activity during critical periods of postnatal development (Huang et al., 2013; Mizuno et al., 2007 Mizuno et al., , 2010 Suárez et al., 2014; Wang et al., 2007) , further implying the existence of region-and context-specific targeting mechanisms.
The formation and stabilisation of callosal projections, including axonal targeting, exuberance and retraction have, been only partially described, and conflicting hypotheses have been proposed, likely reflecting different experimental approaches (see Fenlon and Richards, 2015 for review) . For example, three scenarios have been suggested to explain how transient callosal axons initially target the contralateral hemisphere before retracting: (1) they project exclusively to areas that receive callosal projections in the adult (Olavarria and van Sluyters, 1985) , (2) they remain in deep layers of prospective regions that will become both callosally and non-callosally innervated in the adult (Innocenti, 1981) or (3) they innervate the entire cortical plate of prospective callosal and non-callosal regions (Elberger, 1994) . Here, we employed a highly replicable labelling technique, involving in utero electroporation of fluorescent proteins and high-resolution axonal quantifications, to investigate these possibilities in a model that contains both homotopic and heterotopic callosal projections: the mouse somatosensory system. The advantages of this method are that it can be targeted to label specific populations of neurons in the cortex, it provides whole cell fills and it avoids the presence of a fluorescent bolus at the injection site (Kozulin et al., 2016) . By analysing contralateral axon development at multiple time points and under paradigms of sensory manipulation, we present a scheme that incorporates elements from previously conflicting hypotheses, which could serve as a new experimental model to study bilateral brain wiring under healthy and pathological conditions.
Materials and methods

In utero electroporation, cauterisation and tissue collection
All animal procedures were approved by The University of Queensland Animal Ethics Committee. To perform in utero electroporation, pregnant CD1 mouse dams underwent laparotomy at embryonic day (E) 15.5, and the lateral ventricle of embryos was injected with 0.5-1 µL of pCAG-eYFP (yellow fluorescent protein; from Tetsuichiro Saito, Chiba University, Chiba, Japan; 1 µg/µL) in the case of animals that were subsequently studied at postnatal days (P) 4-20, or pCAG-piggybac-GFP (green fluorescent protein) and pCAG-piggybac-transposase (0.75 µg/µL each; both from Joseph LoTurco, University of Connecticut, Mansfield, CT, USA) in the case of animals studied at P50. The presumptive primary somatosensory cortex (S1) was then electroporated with five 100 ms pulses at 36 V using 3-mm paddle electrodes. For the cauterisation experiments, the whisker pad opposite to the electroporated hemisphere was lightly cauterised at the follicular surface of P3 pups under ice anaesthesia. Animals (of mixed sex) were collected at different developmental ages (P4, P5, P6, P7, P8, P10, P12, P15, P20 and P50), anaesthetised with sodium pentobarbital and perfused transcardially with 0.9% NaCl followed by 4% paraformaldehyde. For developmental analyses, different time points were studied within single litters where possible to reduce the impact of any potential inter-litter variability on experimental conditions. Live pups were examined for intensity, size and position of fluorescence in the somatosensory cortex using a dissection microscope equipped with epifluorescence at P1-2, and only those with appropriate labelling were selected for further processing. Flat-mount cortical samples were prepared by compressing freshly perfused cortices and immersing them in paraformaldehyde for 2 days pressed between two glass slides, as described previously .
Immunohistochemistry
The primary antibodies used were chicken anti-GFP (1:750; Abcam, Cambridge, UK) alone or with rabbit anti-VGLUT2 (vesicular glutamate transporter 2; 1:750; Synaptic Systems, Göttingen, Germany) to clearly demarcate the barrel field in S1, followed by goat anti-chicken 488 and goat anti-rabbit 555 Alexa Fluor IgG secondary antibodies, respectively (1:500; Invitrogen, Carlsbad, CA, USA) and 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI) staining on 50-µm coronal sections. Only those animals with electroporated cell bodies in layer (L)2/3 of the entire S1 were selected for further analyses.
Stereotaxic injection of retrograde tracer
Adult male and female CD1 mice (>P30) were anaesthetised with isoflurane (1%-4% in oxygen at 200 mL/kg/min) in a mouse stereotaxic unit. The skull was exposed and holes were drilled above coordinates (relative to bregma) corresponding to the right primary somatosensory/secondary somatosensory cortex (S1/S2) border (anterior-posterior = −1.34, medial-lateral = 3.5, dorsalventral = −1.9) and the insular/perirhinal area (Ins/PRh) (anterior-posterior = −1.34, medial-lateral = 4.35, dorsal-ventral = −3.65)) (Paxinos et al., 2007) . A pulled glass pipette was then used to iontophoretically inject the carbocyanines DiI or DiD (10 mg/mL dissolved in dimethyl sulfoxide) into each site at 1 µA, 7 s on/off alternation, for 10 min at each site. The incision was then sutured, and the mice were sacrificed after 8 days.
Fluorescence intensity analysis
The fluorescence intensity during the developmental time course was analysed using a custom MATLAB program. Sections within the posterior medial barrel subfield, which represent inputs from the mystacial whiskers, were chosen for analyses. Brain sections were examined for the density and position of fluorescently labelled cell bodies, as well as the brightness and laminar distribution of the cell field. The labelling of cells within L2/3 of the cortex was consistent and specific across experiments, with only one or two L5 cells labelled in each brain section and no instances of alternative laminar position of the cell field. Brains with inappropriate labelling in any of these criteria were excluded from further analysis. Sections containing S1 and S2 were selected using anatomical landmarks identified with DAPI staining and reference to a developmental mouse brain atlas (Paxinos et al., 2007) , as well as VGLUT2 staining to precisely outline the barrel field (Suárez et al., 2014) . The width of each cortical layer and of the entire cortical plate (revealed by DAPI staining) was determined to design appropriately scaled and comparable regions of interest specific for each age group. The average fluorescence intensity was determined across 200 evenly spaced horizontal bins across the entire cortical plate. A sample of background auto-fluorescence in the hippocampus within each section was measured and used for normalisation. The normalised fluorescence value of axons is labelled as f/f bg tissue in Figures 3-5: axonal fluorescence/ fluorescence of background tissue containing no label. For layerspecific analyses, values comprising 10% of the width of each layer were obtained from the centre of each layer. Normality of distribution for all data sets to be statistically compared (all n ⩾ 7 animals per condition) was confirmed with Shapiro-Wilk tests, and unpaired two-tailed Student's t tests were performed to compare individual ages within a single area and/or layer.
Results
Callosal axons project to discrete homotopic and heterotopic areas of the contralateral cortex in the juvenile and adult mouse
To consistently label callosal axons from S1, we performed in utero electroporation of eYFP in the presumptive S1 of E15.5 mice and analysed animals with consistent labelling of L2/3 callosal neurons. In order to investigate the spatial distribution and developmental stability of these projections, we compared coronal brain sections collected at P10 and P50 and found that dense callosal projections to S1/S2 and Ins/PRh, as well as the sparse projections to S1 and S2, are present at P10 (Figure 1(a) ) and are maintained into adulthood (Figure 1(b) ). Next, we examined electroporated P10 brains in tangential flat mounts (Figure 1(c) and (d)) to characterise the spatial distribution of these projections with respect to each cortical area. We found that whereas the S1/S2 projection innervates the entire latero-caudal edge of the principal whisker barrel subfield (Figure 1(d) ), the Ins/PRh projection is confined to a smaller region at the borders between the posterior insular cortex and anterior perirhinal cortex both ipsilaterally and contralaterally (Figure 1(c) and (d) ).
Homotopic and heterotopic callosal projections from S1 arise from distinct neuronal populations
Given that this was one of the first reported instances of a homotopic and heterotopic callosal projection arising from a single cortical area, it was important to determine whether these dense callosal projections originate from independent cell populations or whether single neurons branch to both targets. We performed double in vivo stereotaxic injections of DiI and DiD in S1/S2 and Ins/PRh and examined the spatial position and degree of colocalisation of retrogradely labelled cell bodies in the contralateral hemisphere 8 days later (Figure 2(a) ). Retrograde labelling from these two injection sites revealed fasciculated axon bundles in the callosal tract, with the S1/S2 axons located more dorsally and the Ins/PRh axons more ventrally (Figure 2(a′) ). Moreover, whereas most of the retrogradely labelled cell bodies are located in regions homotopic to the injection sites (Figure 2 (a) and (b)), some cells in each region also labelled with the dye corresponding to the heterotopic region (Figure 2 (a′′) and (a′′′); arrowheads). However, regardless of the injection site or region of interest for cell-body quantifications, virtually no cells incorporated both dyes, suggesting that although neurons with homotopic and heterotopic projection phenotypes can be found across S1, the distinct contralateral projections observed from in utero electroporation arise from independent neuronal populations (Figure 2(a) and (c) ).
Callosal projections enter the contralateral cortex in a dorsomedial to ventrolateral and region-specific manner
An important aspect of callosal connectivity is that axons form dense region-and layer-specific arbours in the contralateral hemisphere. However, how callosal axons develop this specific pattern of connectivity in mice is currently unknown. We investigated the developmental sequence that callosal projections undergo when innervating the contralateral hemisphere by quantifying the relative number of YFP-positive callosal axons across cortical layers in the contralateral target regions (S1, S1/S2, S2 and Ins/ PRh) over nine stages of postnatal development (P4, P5, P6, P7, P8, P10, P12, P15 and P20). Callosal axons reach the white matter of the contralateral cortex by P4 (Figure 3(a) ), as previously shown (Wang et al., 2007) . By P5, callosal axons start to innervate the deep layers of S1 (yellow trace, Figure 3(b) ), followed by the S1/S2 and S2 regions at P6 (red and purple traces, Figure  3(c) ). This suggests that axonal innervation of the cortical plate follows a continuous dorsomedial to ventrolateral progression, following the growth of the callosal tract. Interestingly, less densely innervated callosal regions (e.g. S2; Figure 2 purple traces) do not display periods of comparatively high axonal innervation, suggesting the involvement of a mechanism that regulates the initial region-specific targeting of these axons. This conclusion is strengthened by our frequent observation of early innervating axons that extend specifically into the cortical plate at the S1/S2 border, but not in surrounding regions (Figure 3(b′) , arrowhead). Within the S1/S2 region, however, axons initially populate the cortical plate without layer-specific arborisation patterns (P7; Figure 3 (d) and (d′)), before starting to arborise in all layers except L4 from P8 (Figure 3(e)-(i), red traces) . In contrast to the earlier (P8) distinction of the S1/S2 projection, the Ins/PRh has a fluorescence intensity profile that is distinguishable from the other projections (S1 and S2) at the later stage of P10 ( Figure  3 ; green traces), a delay that could be explained by the dorsomedial to ventrolateral sequence of innervation.
Spatially and temporally specific events of exuberance and elimination of callosal axons
Whether and how corpus callosum formation involves developmental exuberance and elimination of axons are currently unclear. For example, whether axonal exuberance and elimination is a homogeneous or region-specific process, and the transient fate of exuberant axons prior to elimination, remain unresolved questions (reviewed in Fenlon and Richards, 2015) . To address this, we examined the temporal progression of callosal innervation across cortical layers and regions (Figure 4(a)-(d) ). We found that the innervation of deep and upper layers progresses in spatially and temporally distinct ways. In deep layers, we observed a significant peak of axonal fluorescence by P7 across all regions studied (S1, S1/S2, S2 and Ins/PRh), which by P20 drops to similar levels to those displayed during initial axon innervation in S1, S1/S2 and S2 (Figure 4 (e)-(h), Table 1 ). In contrast, axonal fluorescence in upper layers progressively increases until P10 across all cortical regions. We also found spatial differences in the extent of axonal elimination. In the sparsely innervated S1 and S2, axonal presence in upper layers increases in a steady manner between P4 and P20 (Figure 4 (e) and (g), Table 1 ), and there is no evidence of axonal retraction. However, in the more densely innervated projections to the S1/S2 border and to the Ins/PRh region, axonal presence in the upper layers peaks at P10 and then shows a significant decline, although to a lesser extent than the pattern exhibited in deep layers (Figure 4 (j) and (l), Table 1 ). Taken together, these data identify two temporal and spatial events of axonal exuberance and elimination in the contralateral hemisphere: one that peaks at P7 in deep layers for all cortical areas studied and another that peaks at P10 in the upper layers of the most densely innervated areas.
Sensory deprivation affects the second but not the first peak of axonal exuberance
Given that exuberance and elimination of callosal axons differ between layers and regions, and that disrupting activity during Retrograde tracing experiments reveal the organisation of the S1/S2 and Ins/ PRh projections. (a) DiI/DiD (red/green) injections into the S1/S2 and Ins/PRh cortex showed a generally homotopic pattern of contralaterally labelled cell bodies and (a′) a segregated arrangement within the white matter, where axons projecting to S1/S2 are located more dorsomedially than axons projecting to Ins/PRh. There are, however, some retrogradely labelled cell bodies in the heterotopic location and these predominantly do not colocalise with homotopically labelled cells (a′′ and a′′′; arrowheads). These results are also reflected upon quantification of labelled cell number (b) in different areas and (c) degree of colocalisation. n = 3 animals for each condition. Scale bars: 1000 µm for (a), 500 µm for (a′) and 100 µm for (a′′) and (a′′′). The development of contralateral axonal innervation of L2/3 S1 callosal neurons. Photomicrographs and densitometric line scans of axonal fluorescence intensity through S1 (yellow), S1/S2 (red), S2 (purple) and Ins/PRh (green) of mouse brains electroporated into L2/3 of S1 at E15.5 and collected at (a) P4 and (b and b′) P5. A detailed examination of the process of contralateral callosal targeting throughout development was obtained by examining stages (c) P6, (d and d′) P7, (e and e′) P8, (f) P10, (g) P12, (h) P15 and (i) P20. The graphs represent the entire cortical thickness of each layer are divided into six cortical layers that apply to S1, S1/S2 and S2 but not Ins/PRh, which is not a six-layered structure. f/f bg tissue : axonal fluorescence/fluorescence of background tissue. Data are represented as mean ± SEM. n ⩾ 7 animals per age. Scale bars: 1000 µm for (a)-(i) and 100 µm for insets. . Two periods of temporally, regionally, and layer-specific developmental exuberance in L2/3 S1 callosal neuron projections. Densitometric fluorescence analyses of labelled axons were assessed over nine developmental stages to obtain average traces for each age across the cortical plate in (a) S1, (b) S1/S2, (c) S2 and (d) Ins/PRh across different stages of development. (e)-(h) The average fluorescence intensity of each layer reveals a distinct peak of fluorescence at P7 (red) in L6 of all neocortical areas and possibly lower layers of Ins/PRh. The future sparsely innervated regions (S1 and S2) generally have a linear increase in fluorescence intensity in (i) and (k) upper cortical layers, whereas the densely innervated regions trend towards a peak of fluorescence at P10, followed by (j) and (l) slight retraction. f/f bg tissue : axonal fluorescence/fluorescence of background tissue. Data are represented as mean ± SEM. n ⩾ 7 animals per age. Caut.: cauterised; cont.: control; Ins/PRh: insular/perirhinal area; S1: primary somatosensory cortex; S2: secondary somatosensory cortex; S1/S2 border between S1 and S2 cortices.
a critical period affects callosal projections in a layer-and region-specific manner (Suárez et al., 2014) , we next studied whether and how sensory deprivation affects axonal exuberance and elimination. We performed unilateral cauterisations of one whisker pad on mouse pups at P3 (during the critical period of callosal development) and examined axon fluorescence at P7 and P10 during the two peaks of axonal exuberance. We found that sensory deprivation did not affect axonal innervation to any layer at P7 (Figure 5 (a)-(d), Table 1 ), but decreased axonal presence in the arborised layers (L2/3 and L5) at P10 ( Figure  5 (e)-(h), Table 1 ). These results suggest that whereas the initial innervation of callosal axons is activity-independent, later arborisation and stabilisation of region-specific callosal connections require activity-dependent mechanisms.
Discussion
The coexistence of heterotopic and homotopic projections arising from distinct neurons located within the same cortical regions and layers suggests that specification of callosal targets involves additional mechanisms to spatial cues alone. For example, regionspecific callosal projections are differentially affected by balanced activity across hemispheres (Huang et al., 2013; Suárez et al., 2014) . Our findings of a dorsomedial to ventrolateral pattern of contralateral axon innervation are in accordance with previous findings, whereby contralateral innervation recapitulates the dorsoventral axonal arrangement within the callosal tract (Zhou et al., 2013) . However, we also reveal a combination of spatial and temporal events, from initial innervation and arborisation to exuberance and elimination of contralateral terminals, that likely reflects interactions of several developmental mechanisms. The first peak of callosal axon exuberance at P7 likely represents axons sampling their environment, mostly within the deeper layers; these axons would subsequently either retract or further innervate the overlying cortex, as previously hypothesised in cats (Aggoun-Zouaoui and Innocenti, 1994; Innocenti, 1981; Innocenti and Clarke, 1984) . In contrast, the second exuberance event at P10 likely represents an overproduction of axonal branches that later disappear, as previously described in cats (Aggoun-Zouaoui et al., 1996; Bressoud and Innocenti, 1999) . It is unclear from the available data whether this retraction of branches involves whole axonal retraction or localised pruning of axonal arbours; however, the presence of a similar retraction trend within the less-arborised L4 of the S1/S2 projection (Figure 4(b) ) suggests at least some degree of axonal elimination. This study has enabled two temporally and spatially distinct events of callosal exuberance to be investigated within the same model system. Thus, the first and second hypotheses of contralateral positioning of excess callosal axons, which state that (1) they project exclusively to areas that receive callosal projections in the adult or (2) they remain in deep layers of prospective regions that will become both callosally and non-callosally innervated in the adult, are both supported by this study in a rodent model. However, we did not find any evidence for the third hypothesis; that is, that excess callosal axons innervate the entire cortical plate of prospective callosal and non-callosal regions and then retract to produce the adult innervation pattern. Our results have therefore identified crucial stages of axonal targeting and arborisation in the rodent and provide a more unified paradigm of contralateral callosal targeting.
Spontaneous and sensory-evoked neuronal activities have been previously shown to differentially affect axonal targeting to different cortical regions (Huang et al., 2013; Suárez et al., 2014) . Here, we extend these findings and suggest that although initial axon exploration in deep layers might be independent of activity, region-and layer-specific arborisation and the stabilisation of callosal terminals involve activity-dependent mechanisms. This model is consistent with previous evidence showing that sensory manipulations until P7 can disrupt callosal targeting in mice (Huang et al., 2013) .
In conclusion, our results reveal previously uncharacterised anatomical features of callosal development that incorporate proposed mechanisms from previously conflicting studies. By carefully examining the formation of bilateral circuits in a spatially and temporally specific manner using high-resolution fluorescence imaging, this study also presents novel experimental assays that could be used for mechanistic studies of each of these processes in healthy conditions, as well as in mouse models of human neurodevelopmental diseases.
